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Summary

The present project had as its initial focus the modeling and measurement of residual stress
development during cure and cooling of a bismaleimide resin copolymerized with a
spiroorthocarbonate (BMI/SOC). The spiroorthocarbonate resin was incorporated because it
undergoes a ring opening reaction and was anticipated to provide lower cure shrinkage and
concomitantly lower cure induced residual stresses. Low residual stresses are important in many
composite materials applications. During the course of the project we have developed modeling
procedures and predictions for the isotropic residual stress build-up in the BMI/SOC resin and
we have developed and analyzed two novel residual stress “bomb” methods of measuring the
isotropic stress development during cure and subsequent curing of thermosetting resins. Both

modeling and the development of the “bomb” method were highly successful during the course

of the project. At the same time, the actual measurement of the residual stress development of
the BMI/SOC copolymer was a continual problem. We have concluded that the problems we
encountered were related to the volatility of the SOC monomer, whose vapor pressure is such
that it volatilizes appreciably during mixing and completely at temperatures well below the cure
temperature. This result is consistent with previously reported, but unexplained, extreme low
densities obtained by other researchers for the SOC material. The results indicate that the
BMI/SOC system that we have investigated is not viable for structural composite applications.
While the project was not fully successful due to the volatility of the chosen SOC material,
we did make several significant contributions to the state of knowledge. First, we extended a
previous model due to the PIs for the evolution of the properties of curing thermoset resins to the
BMI/SOC resins. The prior model was for epoxy-type resins and this model generalized the
other to the polymerization and copolymerization of the BMI/SOC system. In addition, the
model was used to estimate the cure stresses in this system in an ideally and isotropically
constrained system. The results of the study were surprising in the magnitude of the stresses
predicted and also showed that judicious selection of polymer materials for low values of the
thermal pressure coefficient offers the possibility of reducing thermal stresses by as much as a
factor of three. In addition, during the course of the work, two distinct methods for measuring
isotropic residual stresses were developed and demonstrated. First, we used a spherical “bomb”
geometry which was successful in providing a method of measuring isotropic stresses during
cure when stresses remained below approximately 35 MPa. This method was limited to the low
stress regime due to the chosen thin walled spherical geometry, which gives isotropic stresses
and high sensitivity of the measurement. However, thick-walled spherical vessels were not
readily available and this lead us to develop a technique that uses a thick-walled cylindrical

ISTRIBUTION STATﬁMEbET
r)lfioprovezd for Public Release
Distribution Unlimited



geometry combined with lock-in amplifier electronics to excite the strain gages. The method
was highly useful for two reasons. First, it overcomes the problems encountered in thin-walled
systems because pressures as high as 300 MPa weré readily achieved, which is not possible with
conventional thin-walled cylinders or with the thin-walled sphere just mentioned. More
importantly, in the process of developing the thick-walled cylinder method, we demonstrated that
the classical thin-walled tube method of constraining resins in an isotropic state of stress does not
actually produce the isotropy expected. Hence, the measurements tend to be incorrect and
observations of failure within such tubes is biased by the fact that the stresses are anisotropic.
Hence, the thick-walled cylinder is a true improvement in measurement technology. Using this
geometry, we are able to perform the entire cure and post-cure under compression, and in doing
so, we observed over several hundred MPa cure stresses for model thermosetting resins. In
addition, we have shown that in open vessels, the magnitude of the tensile stresses that can build
up during cure is significantly lower than expected and the value depends on the cure
temperature with higher cure temperatures yielding lower stresses presumably due to increased
microcavitation of the partially cured gel. This finding explains why fiber-reinforced
thermosetting composites can be used successfully in spite of theoretical expectations of very
large cure-induced tensile stresses. Our work leads us to conclude that reduction of isotropic
residual stresses in thermosetting composites must focus on the reduction of thermal stresses
through a reduction in the thermal pressure coefficient rather than focusing on reducing cure
shrinkage.

Principal Findings

e Modeling studies of the isotropic stress build-up during cure and subsequent thermal
history in a novel bismaleimide/spiro-orthocarbonate (BMI/SOC) thermosetting resin
show that the SOC ring-opening reaction can reduce isothermal cure stresses by 17 % for
optimum relative reaction rates of the BMI addition and SOC ring-opening reactions. A
reduction of residual stress at room temperature of approximately 6% is predicted based
on nominal values of the material parameters.

e A parametric analysis demonstrates that the reduction in isotropic residual stresses at
room temperature is also dependent on the values of the thermal expansion coefficients
and the bulk moduli in the glass and rubbery regimes (a, g, K, and Kg). The product
oK, (thermal pressure coefficient y;) influences the magnitude of the cure-induced
residual stresses of the glass, whereas the product y,=a,K, influences the magnitude of
the thermal stresses.

e Although isotropic stresses may only be reduced a few percent (depending on the relative
magnitude of the cure and thermal stresses), this is predicted to provide significant
lifetime improvement since lifetime is proportional to the stress raised to a very strong
power.

e The first ever measurements of the product aK in both liquid and glassy states for
thermosetting resins were made using a sealed stainless steel spherical pressure vessel
which imposes an isotropic stress state on the material. The results indicate that oK, is
considerably smaller than o,K;, an important finding for modeling residual stresses. This
result differs from assumptions we made in our prior modeling, as well as assumptions



made by researchers at Sandia National Laboratories in their models of residual stress
development in curing thermosets.

Tensile cure stresses did not build up above a few MPa in our pressure vessels
presumably due to gel fracture and/or debonding between the resin and the pressure
vessel. This is a very significant result since this effect is not incorporated into any
current models of residual stress build-up.

The spiro-orthocarbonate comonomer was found to volatilize during mixing and during
the temperature ramp to the cure temperature, indicating that its use in structural
composite applications is not feasible.

The stress distribution in the thick-walled tube was found to be isotropic. In addition, we
found that the anisotropic distributions observed in thinner walled tubes is due to
compliance of the tubes in the hoop direction. This finding explains why the
conventional thin-walled tube geometry for measuring isotropic stresses does not give
satisfactory results.

The magnitude of the tensile stresses that build up in model epoxy resins cured in open
vessels and, presumably, the degree of microfailure in the gel, depends on the cure
temperature. This result is significant and is not incorporated into any current models of
residual stress build-up.

The coefficient of thermal pressure in the glass, v, = 0,;Kg, depends on the value of the
first cure temperature in two step cures. For a model epoxy resin cured in an open vessel
v decreases as the cure temperature increases. Presumably this is due to the degree of -
microfailure that occurs in the curing resin. The result is significant because it shows, for
the first time to the authors' knowledge, that the coefficient of thermal pressure in the
glass depends on the cure history, and the result suggests that other properties may also
depend on cure history.

Major Accomplishments

Modeled the development of isotropic residual stresses in a novel SOC/BMI
thermosetting material. The volume versus conversion and the T versus conversion
relationships were estimated using the group contribution methods of van Krevelen and
using statistical recursive theory.

Performed a parametric analysis and determined the effect of various parameters on the
isotropic residual stresses, including cure cycle parameters and material parameters.

Developed an isotropic stress "bomb" method for measuring the thermal pressure

coefficient y=oK in the liquid and glassy states of thermosetting resins and made
measurements for several thermosetting systems, including the novel BMI/SOC resin.

Performed thermogravimetric measurements of the BMI/SOC resin system and
established that the volatilization of the SOC component makes clear that this resin
system is not applicable for structural composites.

Completed the development of an instrument for measuring isotropic stress development
in curing resins having a thick-walled tubular geometry using a lock-in amplifier



technique to measure strain. The method has advantages over the spherical pressure
“bomb” geometry in that thermal pressures of over 300 MPa can be measured. In
addition, the cure stresses can be quantified over the entire conversion range by keeping
the resin in a compressive stress state throughout cure.

e Completed the calibrations, reproducibility studies, and test measurements on a fluid with
known PVT properties for both the spherical and tubular isotropic stress instruments in
order to demonstrate the range and accuracy of the measurements.

e Completed measurements and analyses of a model epoxy resin in both the tubular and
spherical isotropic stress instruments. The model epoxy resin was used for measurements
because its curing reactions do not change with cure temperature; hence, the effects of
cure temperature independent of changes in cure chemistry can be evaluated.

Description of Work

Introduction

The work under the present project had multiple facets. First, because the goal was to
evaluate the potential for the BMI/SOC resin system to reduce isotropic residual stresses induced
during cure and subsequent cooling, we extended a model of resin property evolution and stress
build-up during cure and cooling that had been developed by the Pls to the BMI/SOC system.
This is described below. We then had to develop a method to measure the isotropic stress build-
up and demonstrate how it worked. In the process we developed a spherical vessel or “bomb”
method of measuring isotropic stress development in thermosets during cure and subsequent
cooling. The method and results of measurements are presented below. An important outcome
of this segment of the work is the finding that isotropic tensile curing stresses do not build up to
the high levels anticipated from the modeling which indicates that cure shrinkage is not a major
issue in the development of residual stresses in thermosets. The caveat here is that the
mechanism that leads to the smaller-than-expected stresses is not completely understood and
may cause changes in the final properties of the cured material. Because the spherical vessel
method was limited to stresses below 35 MPa, we also developed a thick-walled tube method for
measuring the isotropic stress development of thermosetting resins. This method overcomes both
the limitations of the conventional thin-walled tube method and those of the thin-walled
spherical vessel. The method permits measurements to internal stresses of over 300 MPa and
shows the entire range of stress development during resin cure and cooling. The results support
the findings in the thin-walled sphere that large negative (tensile) hydrostatic stresses cannot
develop during thermoset cure even though the results also demonstrate that the stress changes
due to cure shrinkage can be well over 150 MPa. The method can also be used to make
fundamental measurements of the thermal pressure coefficient in liquids and glasses. Finally,
the chemistry of thermosetting resin systems was investigated. We made the finding that the
BMI/SOC resin designated for study in this work volatilizes during the mixing and curing
process and this is discussed subsequently.

Modeling of the BMI/SOC Cure

The model used here to describe the development of isotropic residual stresses during cure of
a novel BMI/SOC resin is based on an extension of our thermoviscoelastic model' We provide a
brief description of the model and then focus our attention on the results of parametric studies.



The isotropic residual stresses, Grs(t), in a three-dimensionally constrained resin are given by
the convolution integral:

0= [K~1\T,x)

( [8de+iliidx_z} lanTJdt, 0

i Vi ox, dt'  ox, dt’ v or di'

where K(t-t’, T, T,) is the bulk modulus, t-t” is the time elapsed from the time t* of the applied

differential strain (due to cure shrinkage or temperature changes), 4 and o are the
ox, ), ox, ),

changes in volume per unit conversion of the BMI addition and SOC ring-opening reactions,

respectively, dx,/dt and dx,/dt are the reaction rates of the two reactions and T is the absolute

ov . . . ar .
temperature. ET- is the change in volume with respect to temperature and E is the change in

temperature in the cure cycle or any subsequent thermal history such as cooling.
The bulk modulus is assumed to depend on time, temperature and conversion in the

following manner:
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where K; and K, are the rubbery and glassy values of the bulk modulus, both of ' which are
assumed to not be a strong function of temperature or conversion and t is time. 7; is the i
relaxation time at the reference temperature (Trer = Tge) and g is the weighting factor for the i
relaxation time, such that Zg=1.0. The dependence of the relaxation time 1:1 on temperature and
conversion is accounted for by applying the principles of time- temperature 3 and time- T
superposition:

loga __¢ - ¢ ?3)
8T =T 1, T, -1,

where C and T, are constants.

To complete the model, the relationship between Tg and conversion is needed, as well as the
cure kinetics. For the BMI/SOC system, the reactions are chain reactions with the result that the
reaction mixture will be composed of monomer and high molecular weight polymer.
Consequently, the glass temperature Tj is assumed to depend on the welght fraction of monomer
and polymer, Wmonomer and Wpolymer, respectlvely, through the Fox equatlon

L _ Pmonomer , Ypolymer )
Tg Tgo Tg(polymer)

where Tgo is the Ty of the monomer, Tgpolymer) is the glass temperature of the cross-linked
polymer which is a functlon of the cross-link density as predicted by DiMarzio’ and modified by
Hale, Macosko and Bair®:

T
Ty potymery = | g;(X Q)
- yx?

where Ty is the glass temperature of uncrosslinked polymer, K and y are constants and X is the
crosslink density in the BMI/SOC network. Applying the recursive technique of Miller and



Macosko™!” to chain reactions, we can relate the weight fraction of monomer and polymer and

the crosslink density X to the conversion x:

Wmonomer = (1‘x1)2 (2 - x2)/2 (6)
Wpolymer =1- Wmonomer (7)
X = x/ ®

In deriving equation 8, it was assumed that only the BMI addition network contributes to the
crosslink density due to the flexibility of the SOC homonetwork.
The cure kinetics of the BMI/SOC system are assumed to be first order reactions:

dx
—=k(1-x) ©)

dt
dx
;f=ha—%) (10)

where x; and x; are conversions of the BMI and SOC ring-opening reactions, respectively, and
ki and k; are their respective rate constants.

Parameter Estimation

In order to evaluate the influence of the cure chemistry and resin properties on the
development of isotropic residual stresses in the BMI/SOC resin, we need to estimate some
particular parameters such as the relative volume changes involved in the ring-opening and
addition reactions, the volume change due to the thermal history (i.e., the thermal expansion
coefficient), the bulk moduli in the rubbery and glassy regions, and the dependence of the glass
temperature T, on the network formed (i.e., Ty versus conversion relationship).

The relative volume shrinkage per unit conversion for each reaction in the BMI/SOC system
can be determined from the Van Krevelen group contribution method'" which allows the molar
volume of a monomer (or polymer) to be estimated as a function of its structure. This method
assumes that molar volumes of the constituent groups are additive. For some constituent groups
in the BMI/SOC resin, the molar volume contributions were not tabulated. We assumed for these
groups that the molar volume contribution was equivalent to 1.5 times the van der Waals
volume. The relative volume shrinkage for the BMI addition reaction is estimated to be -0.054 (-
5.4%), whereas the relative volume expansion for the SOC reaction in the BMI/SOC network is
found to be 0.009 (0.9%), both values are relative to the total volume of BMI/SOC polymer. The
total relative volume change on full conversion of both reactions is -0.045 (-4.5%). Based on
these estimates, at full conversion the SOC ring-opening reaction reduces cure shrinkage by
17%.

The nominal values of the thermal expansion coefficients in the glassy and liquid regimes, o
and o, used in the majority of the modeling work are the average of data reported'? for several
polymers [polycarbonate, poly(methyl methacrylate), polystyrene, poly(vinyl acetate),
polysulfone and poly(2,6-dimethylphenylene ether)]. The average values are ocg=2.55><10'4 K
and 0,=6x10* K. In the same way, the nominal value of the bulk moduli in the glassy and
rubbery regions, K, and K;, used in the majority of the modeling work were calculated from the
average values reported for the same polymers. These values are K,~1 75%10° Pa and



K¢=3.1x10° Pa. Since the values assumed for the thermal expansion coefficients and the bulk
moduli will influence the magnitude of the isotropic residual stresses, we also performed a
parametric analysis of these effects.

The dependence of the glass temperature on the conversion is needed for the model and, as
shown in equations 4 and 5, the relationship depends on the values of the glass transition of
monomer, that of the uncrosslinked polymer Ty, as well as on the constants K and y. The glass
transition temperature of the monomer (Tg) for the BMI/SOC system is determined from the
values of the glass temperature of BMI and SOC monomers using the Fox equation and
assuming that the T, of the monomers is related to their melting temperature by (Tgol /Tmi)=0.75.
The melting temperature T, of the Ciba Geigy Matrimid 5292A (BMI) and the spiro-
orthocarbonate (SOC) monomers are 425.56 K and 303 K, respectlve]y The value Ty, of the
BMI/SOC monomer is estimated to be 265 K. The glass transition temperature of the
uncrosslinked polymer, T,,, was calculated using the Van Krevelen’s group contribution
method'' and was found to be 392 K. The parameters K and vy in equation 5 were found by
fitting the experimental data of Morgan et al. 14 of a model of BMI Matrimid part A and part B
resin cured at 250°C. The values of K and y were calculated to be 0.218 and 0.1, respectively.
By applying equation 5 and using these values, the value of Ty, of the BMI/SOC resin at full
conversion is estimated to be 244°C.

Evaluation of the effect of the ring-opening reaction on isotropic residual stresses

We calculated the cure-induced isotropic residual stresses for the BMI/SOC resin by first
assuming that the addition and ring-opening reactions have identical rates. Figure 1 shows the
evolution of isotropic residual stresses during isothermal cure and subsequent cooling for two
cases, one in which ring-opening occurs and the other in which it does not. The simulations were
performed for an isothermal cure at T;=250°C for approximately 60 min followed by cooling to
room temperature at 10°C/min. In this simulation, k;=k»=0.0025 (s’ 1. Figure 1 shows that the
isotropic residual stresses begin to increase immediately at zero time because gelation occurs as
soon as the BMI addition reaction begins. The stresses level off as full conversion is reached.

400 : ‘ , ; : Upon cooling (which begins at approximately
B —— s 1 60 min) the hydrostatic residual stresses again
4 vinngopenng o increase. It can be seen in Figure 1 that the
300 By ersaodarakt o 3 . . .
e o stresses that arise due to shrinkage during cure
= 250 TS ° U b . . . .
£ ket o are significant and that the ring-opening
=2 L =244% oA 4 .
g 20| e o reaction decreases the cure stresses by 18.5
o T =250°C o4 R N
B 0f e 1 MPa or about 17% at T.. This reduction of
100 F Jeroiiiiiiiiinin o 1 17% is obtained when tl'ae addition and ring-
T 1 opening reactions have identical rates and
o B [ [ , J [ assuming that Tg is unaffected by the ring-
0 " % - 60 7 s oOpening reaction.'Larger or emaller reductions
Time (min) may be expected if the reactions are

sequenced differently. The thermal stresses
Figure 1: Evolution of isotropic residual stresses during  are unaffected by the ring-opening reaction
cure at 250°C and subsequent cooling to room temperature  since they depend on oK (T.-RT). Hence, at
as a function of time of cure for the BMI/SOC and BMI  room temperature the residual stresses are still
resins for k,;=k,=0.0025(s). 21.3 MPa lower when ring-opening occurs,
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Figure 2. Isotropic residual stresses after 60 min. cure
the cure temperature and at room temperature as a
function of the relative reaction rate ratio ky/k, with
k;=0.0025 5™,

but this is now only a 6% decrease of the total
residual stress relative to the case where ring-
opening does not occur.

In order to show how the isotropic residual
stresses during cure depend on the sequencing of
the addition and ring-opening
reactions in the BMI/SOC resin, we varied the
relative rate ratio. Figure 2 shows the effect of the
relative reaction rate ratio on the isotropic residual
stresses in the BMI/SOC system for a one-step
cure held for 60 minutes at 250 °C. The stresses
are shown both at the cure temperature and after at
cooling to room temperature. The isotropic
residual stresses at the cure temperature are
always less than the stresses at room temperature,
but for the parameters chosen for these

calculations, the residual stresses due to the cure shrinkage (i.e. those at T) may contribute from
25 to 30% of the total stresses. The shape of the curve in Figure 2 is related to the extent of the
the ring-opening reaction that occurred after gelation. There is a minimum in the cure at
intermediate values of ky/k;. If the ring opening reaction is too slow and does not occur in the
time scale of the isothermal cure (very low ky/k;) no expansion will occur after gelation and the
isotropic residual stresses will be high. At intermediate ky/k, there is a regime where the ring
opening reaction occurs on a time scale comparable to or slightly slower than that of the addition
reaction-fast enough to achieve significant cure in the time scale of the isothermal cure, but slow
enough that much of the ring opening occurs after gelation of the system. On the other hand, if
the ring opening reaction is too fast and expansion occurs prior to gelation of the system (very
high ky/k;), again the isotropic residual stresses will be high.

Evaluation of the effect of the cure histories on isotropic residual stresses

The results of one-step cure and
ramp/hold cure cycle simulations are
summarized as a function of the cure
temperature at which gelation occurs (Tge)
in Figure 3. A linear relationship between
residual stress and Ty is obtained for both
one-step and ramp cures if vitrification does
not occur during cure, i.e., if during the cure
the bulk modulus can relax to its rubbery
value. These results demonstrate that the
cure temperature at which gelation occurs is
an important parameter for optimizing cure
histories in efforts to lower isotropic residual
stresses. However, lowering the temperature
at which gelation occurs results in longer,
slower cure cycles and, therefore, an
increase in the cost of manufacturing.
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Figure 3. Isotropic residual stresses at the end of
cure at room temperature for one step isothermal and
ramp/hold cure histories as a function of the cure
temperature at which the material gelled (Tg.). The
filled and unfilled symbols indicate cure histories
where vitrification did not or did occur during cure,
respectively. The line represents the relationship
obtained in the absence of vitrification.
(k;=k,=0.0025 5™").



Stress at T_(MPa)

Evaluation of the effect of material parameters

Figures 4 and 5 show the effects of varying the product ogK, and oK, respectively, on the
magnitude of the isotropic residual stresses in the fully-cured material at room temperature for
one-step cure cycles. The value of 0K, influences the magnitude of thermal stresses and
decreasing the value significantly reduces the isotropic stresses at room temperature. On the
other hand, the value of oK; influences primarily the magnitude of the shrinkage-induced cure
stresses. In this case, decreasing the product of the expansion coefficient times the bulk modulus
reduces stresses both at the cure temperature and at room temperature.
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Figure 4: The effect of the product oK, on the isotropic Figure 5: The effect of the product oK, on the
residual stresses at T, and room temperature (RT) for cure isotropic residual stresses at T, and room

at 250°C for one hour followed by cooling at 10°C/min temperature (RT) for cure at 250°C for one hour
to RT. followed by cooling at 10°C/min to RT.
Implications

Reducing residual curing stresses in the BMI/SOC copolymer are expected to enhance
mechanical properties and improve the long term performance of the polymer matrix composite.
Moreover, reducing isotropic residual stresses after cure at room temperature by about 6%
should increase the time to failure of the material. McKenna and Penn'>'® and Crissman and
McKenna'” found that the time-dependent failures of several polymers and rubbers could be
characterized within the framework of a cumulative damage model for failure. In those studies,
the mean failure times in constant rate of stress experiments were successfully predicted from a
model using a time to fail function determined from constant stress experiment (i.e., the time to
fail is described by an exponential function of the applied stress). According to that body of
work, decreasing applied stresses by 6% should increase the time to failure by approximately a
factor of4(e.g.,thii=tH O o' for PMMA). A similar analysis of fatigue lifetime of an epoxy
resin'® yields an exponent of -13 such that the time to failure would increase by 2.2 for a 6%
reduction in residual stress.

Conclusions from modeling

A thermo-viscoelastic model of isotropic residual stress development in thermosets was
extended to a novel BMI/SOC thermosetting resin system. The influence of the cure chemistry
and resin properties on the build-up of isotropic residual stresses has been evaluated. The results
show for the case where the addition and ring-opening reactions have identical rates that the



isotropic residual stresses during cure and after cure at room temperature are reduced by 17%
and 6%, respectively. The optimal sequencing of addition and ring-opening reactions in the
BMI/SOC system is such that the ring-opening reaction is slow enough so that it occurs only
after gelation of the system, yet is fast enough to achieve full conversion in a reasonable time
frame.

In addition, we have examined the influence of cure cycle and material parameters. Isotropic
residual stresses can also be reduced by gelling at lower temperatures and by reducing the
product of the thermal expansion coefficient times the bulk modulus. This latter observation
suggests new strategies may be developed beyond the current ring-opening chemistries that
could also enhance composite material performance.

Experimental Methods
Materials

The material of primary interest in this study was designated by the Air Force as the novel
BMI/SOC system, containing Matrimid 5292A, Matrimid 5292 B (both from Ciba Geigy Corp.)
and a spiro-orthocarbonate comonomer (Polycomp Technologies) mixed in a 1.0:0.75:0.25 molar
ratio. The 5292A is cured by the allyl groups on both the 5292B resin and the SOC comonomer.
In addition, the SOC can undergo a ring-opening reaction catalyzed by triphenylsulfonium
hexafluorophosphate. We studied both a system in which the catalyst was added at 5 weight
percent of the SOC and a system in which catalyst was not added. For both systems, we heated
Matrimid 5292 B component and the SOC comonomer together at 140 °C and then mixed in the
Matrimid 5292 A until the mixture was homogeneous (15 to 20 minutes). For the catalyzed
system, the solid catalyst was weighed out separately on the scale and DMF (dimethy!
formamide) was added dropwise and mixed until the catalyst dissolved. The weight percentage
of DMF used was 3 to 4% of the total mass of the system. The catalyst solution was added
dropwise to the A/B/SOC mixture while the mixture was stirred and then mixed an additional 10
minutes. Due to concerns about the effects of any residual DMF left in the system after mixing
and degassing, a solvent-free mixing process has been developed. In this case, the catalyst was
dissolved into the Matrimid 5292B component at 160 °C for 15 to 20 minutes. Then the
Matrimid 5292A and SOC were added after the mixture had cooled to between 130 and 140 °C
and mixed for 15 to 25 minutes until the mixture was homogeneous. All results reported here for
the catalyzed system are for the system mixed using solvent.

In addition to the BMI/SOC system, two mode! thermosetting systems were also examined.
A model BMI system consisted of Matrimid 5292A cured with Matrimid 5292B ina 1:1
stoichiometric ratio with mixing accomplished at 140 °C for 15 to 20 minutes until the system
became homogeneous. A mode! bifunctional epoxy (diglycidyl ether of bisphenol A, DGEBA;
DER 332, Dow Plastics) cured with a tetra-functional aromatic amine (trimethylene glycol-di-p-
aminobenzoate, TMAB; Versalink 740 M, Air Products) in a 1:1 stoichiometric ratio was also
studied. The epoxy was mixed following a procedure described by Simon and Gillham [1].

All BMI resin solutions were degassed after mixing at 130 °C for 15 minutes and the epoxy
mixture was degassed at room temperature. The solutions were stored in the freezer in sealed
vials placed in a larger container with desiccant until use.

Residual Stress Measurements
Two methods are compared for measuring isotropic residual stresses during cure and
subsequent thermal history. We first present the novel method developed in this project of using
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an instrumented spherical bomb to contain the resin during cure and subsequent cooling to
provide isotropic stresses. The second method is that of a thick-walled tube method which we
subsequently developed to overcome the shortcomings of the thin-walled sphere method; in
addition, the thick-walled tube overcomes the shortcomings of the conventional thin-walled tube
method. In both tube methods, the tube is long relative to the inside diameter. In principle,
isotropic stresses are developed in the inner portion of the tube away from the ends. We show
that this method does not result in isotropic stresses in the thin-walled tube geometry—something
that has been reported previously in the literature'*?', but not fully explored. We show that the
thick-walled tube can be successfully used to create isotropic constraints on the solidified
polymer and that we can measure them in spite of the small deformations in the thick walls
because of the use of lock-in amplifier electronics which are up to 20 times more sensitive than
those used in conventional strain-gage work.

Design of the Instrumented Sphere

Figure 6 shows a schematic of the instrumented sphere for measuring isotropic cure and
thermal stresses. Strain gauges are used to measure deformations in the outer wall of the sphere,
enabling the pressure of the constrained material within the sphere to be calculated. In addition,
thermocouples are used to measure thermal events. To minimize self-heating of the gauges on
the relatively small vessel we used a low excitation voltage across the bridge. Use of a lock-in
amplifier to measure bridge voltage instead of the common DC strain gauge amplifier method
provides much better signal-to-noise ratio at the low excitation levels.

The stainless steel spherical pressure vessel (Fauske & Associates, Inc.), itself, is shown in
Figure 7a. The size of the spherical vessel is 0.5 in. (12.7 mm) inner diameter, 0.02 in. (0.51 mm)
wall thickness and 1/8 in. (3.18 mm) stem diameter. The stem length is 1 in. (25.4 mm). A
separate vessel is used for each experiment. The strain at the outer surface of the vessels is
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Figure 6. Schematic view of the instrumented sphere system for measuring isotropic residual stresses.

monitored by foil strain gauges, bonded to the vessel wall usually on the pole opposite the filling
stem, as shown in Figure 7b. For minimum zero drift of strain readings at high temperatures we
used FSM-Series gauges (BLH Electronics, Inc.) with nickel-chrome alloy for the sensing
element (grid) and polyimide-glass for the carrier material (foil). Both 350 Q and 120 €2 gauges
were used during the present study. The gauges were bonded with a high-temperature adhesive
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(PLD-700, BLH Electronics, Inc.). The adhesive was cured at 260°C for two hours and was
postcured at 350°C for another two hours to minimize possible creep/drift of the gauges at
working temperatures (up to 300°C). The gauges were wired in a Wheatstone bridge, which was
connected to a lock-in amplifier (DSP-7265, PerkinElmer Instruments). The resistors completing
the bridge were Vishay S102 type with a resistance temperature coefficient of 2 ppm/K. The
balancing of the bridge was found to be unnecessary, since the offset output voltage for all
gauges used fell well into the input range of the lock-in amplifier and this offset was canceled
out after temperature compensation (see calibration section). The bridge excitation was driven by
the lock-in oscillator at 100 Hz with a 1 Vi, programmed amplitude (actual amplitude was
smaller because of the 50 Q output impedance of the oscillator). The output of the bridge was
connected to the differential input of the lock-in, operating in the first harmonic mode with a
time constant of 100 ms. The noise level in the input voltage was of the order of 0.1 puV.
Conventional strain gauge amplifiers, like the High Performance Strain Gauge Amplifier DMD-
520, Omega Technologies, have a 5 uV input referred noise level specification. This would
allow a strain resolution of about 8 pstrain at the 1.25 V excitation of the bridge using a single
gauge circuit with a gauge factor of 2. The lock-in technique allows us to achieve 0.2 pstrain
resolution at 1 V excitation. Additional limitations in strain readings are the degradation of the
gauge with time and temperature fluctuations, which complicate the temperature compensation
discussed in the calibration section. In order to check the isotropy of the stresses, tests were also
run with two gauges bonded to different places on the vessel wall, at approximately 45°

and -135° from the stem. We note that stainless steel vessels were chosen for the present study,
although titanium and aluminum spheres were available. The reasons for this choice were 1) the
steel vessel is stiffer than either the Ti or Al and 2) the Al would creep at the highest test
temperatures of interest, i.e. 300°C.

a) b)

Figure 7. a) Stainless steel spherical pressure vessel with filling stem. b) Strain gauge bonded to the vessel surface.

The heat released due to an exothermic reaction inside the vessel results in a temperature
gradient between the vessel and the oven. This gradient was measured using a thermocouple,
type K, with the hot junction attached to the surface of the vessel and the cold junction attached
to the vessel holder. The thermocouple signal after amplification to 10 mV/K was fed to the
auxiliary ADC of the lock-in amplifier. Temperature and the strain gauge readings were recorded
into an MS Excel spreadsheet via RS-232 interface using MS Visual Basic macros.
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To obtain good thermal coupling between the vessel and the oven, we exposed the vessel to
airflow in a fan assisted convection oven (Carbolite LHT4/30). The vessel followed the
temperature-time program closely with a maximum temperature overshoot of 2 K due to the
reaction exotherm. Shielding of the vessel from the airflow improves the resolution of the heat
flow measurements by a factor of 7 to 10, but results in a very poor thermal coupling with slower
response to the program temperature and larger temperature overshoots during cure. Thermal
coupling could also be improved by immersing the pressure vessel into oil, but this affects the
stability of the strain gauge, which is placed on the outer surface of the vessel.

The small size of the vessel was found to be very important for good thermal coupling
between the curing resin and the surroundings. Experiments with larger spheres of 1 in.

(25.4 mm) diameter showed “run-away” conditions during the cure reaction and a temperature
overshoot of more than 40 K above the programmed temperature was measured when the sphere
was in the convection oven. Decreasing the sphere diameter by a factor of two to 0.5 in.

(12.7 mm) resulted in a 2 K overshoot under the same conditions. Spheres smaller than 0.5 in.
(12.7 mm) in diameter are difficult to manufacture with isotropic properties since the relative
size of the welding joints is large. In addition, the high surface curvature of smaller spheres
would make it difficult to attach strain gauges.

Calibration of the Instrumented Sphere
To calibrate the internal pressure response in the instrumented sphere, the pressure vessel
was connected to a hydraulic pressure generator and pressurized up to 30 MPa with a pressure-
transmitting oil. The pressure generator was instrumented by a pressure gauge (Sensotec
TJE/H126-01TJG) with 0.1% accuracy. After each pressure change the adiabatic temperature
variations were allowed to equilibrate for
3 min, and the pressure gauge and strain
T T T T T T gauge readings were recorded. The results of

200+ . one measurement made at room temperature
are shown in Fig. 8. The calibration factor is
1504 6.04 .V MPa” ] determined as the slope of the output-

voltage/pressure curve with uncertainties

2. 100- | below 0.5%. Since during the first
E pressurization some “fresh” vessels showed
> 5 a small hysteresis on increasing and

decreasing pressure, which disappeared in
subsequent pressurization cycles, several
01 i pressurizations were performed and the
TTTE w0 15 20 25 30 calibration factor was d.eter‘mmed from the
data for the last pressurization. The pressure
Pressure, MPa . . . .
calibration agrees well with calculations of
the calibration factor based on the vessel
Figure 8. Output voltage changes due to pressurization geometry. Since the oil pressure generator
the vessel at room temperature with pressure transmitting could not go to high temperatures, e.g., 250
oil. Data points are shown with linear regression line and °C, an additional calibration of the vessel
The resulting value for the slope. was performed at IMPa
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using N gas at room temperature and at 250°C in the oven. Within experimental uncertainty the
calibration factor so determined was the same as that determined at room temperature with the
oil pressurization.

The strain gauges are self-temperature compensated to balance the strain-generated
resistance changes produced by the difference in thermal expansion coefficient o between the
sensing element and the vessel. The vessels were made from SS-304 stainless steel. We found
that in our system the minimum response to temperature change was shown by gauges with
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Figure 9. a) Temperature difference between the vessel and the oven, AT, vs time for various values of the
excitation voltage, U,, at the bridge (programmed values are shown). b) AT vs the total power, released from two
gauges. The value for the heat flow calibration factor is shown. The oven temperature is 140°C.

temperature compensation for mild steel (o = 1.08x10/K), type S6, rather than for stainless
steel (o = 1.62x109/K), type $9.2 The reason for this may be the elevated temperatures used in
our work, since the self-temperature compensation is optimized near ambient temperature. In
addition, the grid of the gauges is slightly deformed by the convex surface of the vessel and this
may affect the self-temperature compensation. The remaining temperature compensation was
accomplished by measuring a signal in the empty pressure vessel as a function of temperature
and subtracting this function from the signals obtained for the same vessel filled with the
material of interest. Following this procedure the resolution of temperature-induced stresses was
on the order of 2 kPa/K.

The heat flow calibration for the instrumented sphere was performed by varying the
excitation voltage applied to the bridge and measuring the temperature difference between the
vessel and the oven. Due to Joule heating, the gauge released a known amount of power, which
depended on the applied voltage. An example of the calibration is shown in Figure 9. The heat
flow calibration factor is affected by the specific position of the vessel in the oven and can be
determined for each vessel individually.

Design of the Instrumented Thick-Walled Tube

We used stainless steel thick-walled tubes of 0.25 in. (6.35 mm) outer diameter and 2.75 in.
(70 mm) length (stainless steel nipple, High Pressure Equipment Co.) shown in Figure 10 as a
means to impose 3D constraints on the material. The inner diameter was increased by boring
through the cylinder length with a 7/64 in. (2.78 mm) drill bit. The same drill bit was used later
to remove cured resin from the tube, making the tube reusable without the need to recalibrate. To
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seal the tube we used standard closing fixture (caps, collars and glands, High Pressure
Equipment Co.). In some experiments, the tube was intentionally left open at one end with the
funnel used to fill the vessel with the liquid attached, in order to maintain a fully filled tube.
Figures 10 and 11 show the instrumented thick-walled tube and instrumentation. The foil
strain gages are used to measure the tube deformations, from which the internal pressure of the
constrained material can be calculated. The strain gages were bonded at the outer surface of the
tube in hoop and in axial directions. The same strain gages, adhesive, and lock-in amplifier
methodology was used as in the instrumented sphere method. However, a 0.5 Vis programmed
amplitude was used for bridge excitation in the case of the thick-walled tube, and the output of
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Figure 10. a) Cross-section view of stainless steel thick-walled tube pressure vessel with closing caps. b) Cross-
section view of open vessel with a funnel.

the bridge was connected to the differential input of the lock-in amplifier, operating in the first
harmonic mode with a time constant of 0.5 s rather than 0.1 s. In addition, a mechanical relay,
operated by the auxiliary DAC of the lock-in amplifier, was used to switch automatically
between hoop and axial gages output every 5 s. Data points were sampled with the same rate
(one point every 5 seconds).

Use of a lock-in amplifier to measure bridge voltage instead of the common DC strain gage
amplifier method provides much better signal-to-noise ratio at the low excitation levels and is
necessary for measuring the strain in the thick-walled tube. The noise level in the input voltage
was of the order of 50 nV. Conventional strain gage amplifiers, such as High Performance Strain
Gage Amplifier DMD-520, Omega Technologies, have a 5 pV input referred noise level
specification (in practice, the measured noise level is higher because of the noise in the source
signal) allowing a strain resolution of about 8 ustrain at the 1.25 V excitation of the bridge using
a single gage circuit with a gage factor of 2. The lock-in technique allows us to achieve
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0.2 pstrain resolution at 0.5 V excitation. Increasing the excitation voltage in our case does not
improve strain resolution due to self-heating of the bridge resistors, which leads to additional
temperature drift, and therefore, additional resistance drift affecting signal stability. Other
limitations on the strain resolution are the degradation of the gage with time and the temperature
fluctuations of the tube, which complicate the temperature compensation. Since the compliance
of the tube is very small, the strain readings, especially in the axial direction, are very sensitive to
the temperature; i.e., the tube acts more like a thermometer, than a pressure gage. To alleviate
this situation, careful temperature compensation is performed before any stress analysis by
measuring a signal in the empty tube as a function of tube temperature and subtracting this
function from the signals obtained for the same tube filled with the material of interest.
Following this procedure the errors of temperature-induced stresses were on the order of 5 kPa/K
and 20 kPa/K for hoop and axial stresses, respectively.
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Figure 11. Schematic view of the instrumented thick-walled tube method.

The strain-gaged tube was placed in a fan assisted convection oven, Carbolite LHT4/30. To
minimize the temperature gradient across the tube the latter was shielded from the airflow and
heating and cooling rates were limited to 1 K/min. The temperature of the tube was monitored
with a thermocouple, bonded to the outer surface of the tube in a similar way as the strain gages
were bonded for better thermal contact. The thermocouple signal after amplification to 10 mV/K
was fed to the auxiliary ADC of the lock-in amplifier. An additional thermocouple was attached
to the bridge circuit. The temperature of the bridge stays within 0.2 K over the course of several
hours with a maximum swing of 1.5 K from day to night. The +1.5 K temperature variation
leads to a maximum of +3 ppm resistance changes in the bridge, resulting in approximately
+0.7 MPa and +3 MPa maximum long-term instability in strain gage readings in hoop and axial
directions, respectively (see Appendix for relevant equations). Temperature and strain gage
readings were recorded by a computer into MS Excel spreadsheet via an RS-232 interface
between lock-in amplifier and PC using MS Visual Basic macros. An experiment consisted of
recording the strain gages readings and the actual temperature of the tube during the temperature-
time program of interest.
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Calibration of the Instrumented Tube

To calibrate the internal pressure response of the instrumented tube, the tubular pressure
vessel was connected to a hydraulic pressure generator and pressurized to 330 MPa with
pressure-transmitting oil. The pressure generator was instrumented by a pressure gage, Sensotec
TJE/H126-01TJG, with 0.1% accuracy. After each pressure change the adiabatic temperature
variations were allowed to equilibrate for 3 min, and the pressure gage and strain gage readings
were recorded together with the tube temperature. The latter was used for further temperature
compensation. The results of one measurement are shown in Figure 12a. The calibration factor is
determined as the slope of the output-voltage/pressure curve with uncertainties below 0.3%. No
hysteresis was observed on “fresh” tubes upon increasing and decreasing pressure. The pressure
calibration agrees well with calculations of the calibration factor based on the tube geometry.
Figure 12b shows that the calibrations are highly linear based on the residual voltages minus the
linear fits.
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Figure 12. a) Output voltage changes due to pressurization of the tube with pressure transmitting oil. Data points
are shown with linear fits and the values for the slopes for hoop and axial directions. b) Residual showing linearity

of calibrations.

Thermogravimetric Experiments

Thermogravimetric analysis (TGA) was performed on the BMI/SOC resin using the TGA7
from Perkin Elmer in order to determine if resin volatility was the cause of lack of
reproducibility, the unexplained very low thermal pressure coefficients, and the lack of SOC
signature in the FTIR cure data. Experiments were performed under flowing nitrogen. Uncured
resin samples were loaded at room temperature. A ramp was performed at 5 K/min to 140 °C
which was the mixing temperature for the resin. After a hold of 30 minutes at 140 °C to
simulate mixing, the material was ramped to 300 °C to simulate the ramp to the cure
temperature.

Results
The Spherical Pressure Vessel: Calibration and Test Results
Calibration of Spherical Pressure Vessel

One of the reasons for developing the current experimental techniques was to ensure an
isotropic stress state in the resin. We examined the stress isotropy in the spherical vessel by
attaching two strain gauges below and above the welding joint of the vessel. We chose a low
molecular weight glass former, sucrose benzoate, Aldrich Chemical Co., to test the isotropy of
stresses in a solid (vitrified) state. The material was filled into the vessel at 150°C following the
same procedure described previously with the difference that more time was allowed for the air
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to leave the vessel (about an hour). After filling, the vessel was left opened. Figure 13 shows the
development of tensile stresses inside the vessel measured by the two gauges during cooling
from the liquid to the vitrified state. At high temperatures the material is a liquid and thermal
shrinkage is compensated by material flow — there are no stresses in the vessel. The small
increase in tensile stresses on cooling from 90°C to 70°C can be attributed to the high viscosity
of sucrose benzoate at those temperatures — the material acts partly as a plug in the filling stem.
The material vitrified at approximately 65°C, where it ceases to flow and further thermal
shrinkage results in the development of tensile stresses until failure occurs at 47°C. The failure
relieves most of the stresses. Before failure the stress versus temperature curves from the upper
and lower gauges are almost identical, indicating good isotropy of the stress state. The 8%
difference in stress between the two channels can be attributed to slight differences in local
compliance of the vessel. The lower gauge in that measurement probed 13.44 pstrain/MPa
whereas the upper gauge probed 12.05 pstrain/MPa. On thermal shrinkage the solid tries to
impose the same strain in all directions, resulting in lower stress readings in the lower gauge in
this particular case.
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Figure 13. Hydrostatic stresses vs temperature in the spherical pressure vessel filled with sucrose benzoate during
cooling at 1 K/min. The two stress curves correspond to stresses at the upper and lower parts of the vessel. The
vessel was open during the measurement; hence stresses develop only upon vitrification of the sucrose benzoate.

Thermal Pressure of a Known Fluid in the Spherical Pressure Vessel

The thermal pressure of a known oil, confined in the spherical pressure vessel, was measured
to check the accuracy of the calibration and the range of measured stresses. Di-2-ethylhexyl
sebacate (MONOPLEXe DOS, C.P. Hall Company) was used because its PVT behavior is
documented.?® The oil was initially degassed for 20 hours in vacuum at room temperature. The
strain-gauged vessel was then immersed into the oil container; oil did not flow into the vessel
due to the small neck diameter. Then a vacuum was applied for 15 minutes to remove the air
from the vessel. The vessel was then exposed to atmospheric pressure and the oil went into the
vessel. Finally vacuum was applied once again to assure no gas was trapped in the vessel. After
filling, the vessel was sealed using a threaded end cap (Swagelok Company) to close the open
end. The development of thermally induced stresses in the oil during heating at 0.5 K/min is
shown in Figure 14 for two strain gauges attached below and above the welding joint of the
spherical pressure vessel. At the very beginning of heating the compressive stresses do not build
up until the expanding oil occupies the cavity in the sealing cap at approximately 27°C. When
the compressive stress in the vessel exceeds 30 MPa (at about 55°C), yield of the vessel wall
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oceurs (mainly along the weld joints), increasing the inner volume of the vessel and partly
relieving the stress. Note that the relatively low yield point in the spherical pressure vessels is
what led us to develop the thick-walled tube instrument which be used to over 300 MPa.

The apparent thermal pressure coefficient y,,, which we measure as the slope in the stress-
temperature curve, depends on the thermal expansion of the stainless steel (ay) and on the
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Figure 14. Thermally-induced compressive stress in a closed spherical pressure vessel filled with pressure
transmitting oil as a function of temperature during heating at 0.5 K/min.

structural stiffness of the vessel (Kv): 7, = (a —o.fv)L , where o is the coefficient of
1+K/K,
thermal expansion, K is the bulk modulus of the material (oil) . The measured y,p, was
determined by fitting both stress/temperature curves in Figure 14 to a second order polynomial in
the temperature range from 30°C to 55°C and taking the temperature derivatives of those fit. The
average of two yapp determinations from the two curves is shown in Figure 15 along with
corrected and expected values, the latter of which are based upon PVT data from Sane and
Knauss?? calculated for the same temperature-pressure profile as the experiment shown in Figure
9. Our measurements after correcting for the thermal expansion and compliance of the vessel are
approximately 4 % higher than expected based on the data of Sane and Knauss>. The
discrepancy may be due to the values of the vessel parameters used for the correction; the vessel
probably has lower coefficient of thermal expansion than we assumed (since the gauges with
lower self-temperature compensation work better, as mentioned earlier) and also may have a
higher value for structural stiffness K, than estimated (since welding joints can act as a
reinforcement and about 10% of the vessel volume is a much stiffer filling stem).

In a similar way we have also measured the thermal pressure of n-hexadecane (99%, Alfa
Aesar). The measured value of y is 10% to 15% above the expected value when corrected with
the thermal expansion of the stainless steel oy = 1.62x 10°/K and structural stiffness of the vessel
K, = 16 GPa estimated from the geometry. The expected y for hexadecane itself varies by 5%
depending on details of the analysis of available PVT data (the material function of hexadecane
is more complicated than that of the oil, because of the proximity to the crystal-melt transition).
In addition, the y estimated from the PVT data of Zoller and Walsh® is 11% to 14% higher than
the y measured by Orwoll and Flory.”®
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Figure 15. Thermal pressure coefficient vs temperature from the data shown in Figure 14. Error bars of 25 kPa/K in
apparent curve show the precision in y determination. The dotted line is expected curve based on literature PVT
data®.

Measurements During Thermoset Cure in the Spherical Pressure Vessel

The model epoxy resin (DGEBA/TMAB) was used to provide an example of the
performance of the spherical pressure instrument during thermoset cure. After filling the vessel
with the epoxy resin, the resin was degassed and the air was removed from the vessel. The vessel
was then sealed by flattening the tip of the filling stem with a pipe crimping tool and then
polymerizing the resin in the top part of the stem by inserting the stem for 10 minutes into a
soldering iron finger set to 350°C. An alternative and easier way to seal the vessel is to place a
threaded end cap (Swagelok Company) at the end of the filling stem, as was done for the oil
measurements and as is done for the tubular pressure vessel. However with this method it is
difficult to control the free volume left in the stem of the spherical pressure vessel and, therefore,
is difficult to control the temperature at which compressive stresses start to build up.

The isotropic stress development in the epoxy resin during a typical cure cycle was shown in
our second annual report and we do not reshow that data. Several important points from those
experiments, however, are reiterated. During the cure cycle, the material became compressed
during the initial heating and then these stresses were relieved as the material cured. However,
once the stresses became tensile, microfailure was observed and only small tensile stresses (<3
to 5 MPa) remained at the end of the isothermal cure. When we sealed vessels at lower
temperatures, compressive stresses started to develop much earlier and, in some cases, the stress
increased beyond the yield stress of the vessels (30 to 35 MPa). Hence, the tubular pressure
vessel method which can be used to over 350 MPa was developed in order to measure the cure-
induced stresses under compression for the entire conversion range.

The isotropic stress development during an isothermal cure at 140°C is shown in Figure 15
for the same epoxy system. Although this figure was also shown in the previous report, we
repeat it here because we have further analyzed the data and because of the importance of the
findings, which were corroborated by experiments on the thick-walled tube which will be
discussed subsequently. When the temperature is kept constant, all stresses develop solely due to
the cure process. After about 50 min from the beginning of the isotherm the cure shrinkage
relieves the compressive stresses in the vessel. Tensile stresses start to build up rapidly at 73 min
at a conversion of approximately 0.6 as estimated from the measured heat flow. The time-
temperature-transformation (TTT) cure diagram of this system” suggests that gelation of the
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thermoset happens after 63 min of cure at 140°C at a conversion of 0.58. Thus the gelation
triggers the development of tensile stresses, as expected. These tensile stresses reached 2 MPa
(less than 1 MPa in the second experiment) and are subsequently released by microfailure of the
resin. The tensile cure stresses after microfailure continue to build up more slowly, reaching

1.5 MPa (1.2 MPa in the second experiment) at the end of the isotherm.

According to the TTT diagram® vitrification of this epoxy at 140°C should happen after
280 min from the beginning of cure (at a conversion of 0.97). This is in agreement with the
measured heat flow, which at that time reaches its steady state value because the reaction has
slowed to below the detectable limit. The area under the heat flow curve during the isotherm
equals 370 =30 J/zg, which is in a good agreement with the expected 381 J/g heat release during

cure of this epoxy” .
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Figure 16. Isotropic stress development and heat flow rate during an isothermal cure of epoxy at 140°C in the
sperhical pressure vessel. Thick and thin stress curves correspond to two different measurements.

We anticipated considerably larger tensile stresses during cure based on previous
measurements of a different resin using a conventional long hollow aluminum cylinder as a
constraint.?! In that work, cure-induced tensile stresses of 21 MPa were reported. Various steps
(chemical etching of the inner surface of the vessel, use of titanium spherical vessel) taken to
increase adhesion between the resin and the vessel did not result in higher tensile stresses during
isothermal cure. It appears that for the present system, the resin network after gelation is not
strong enough to support high tensile stresses. This fact is not included in recent modelling of
isotropic residual stresses.2 8%

The Thick-Walled Tube: Isotropy. Calibration and Test Results
Stress Isotropy in the Tubular Geometry

The development of the present thick-walled tube method evolved from our attempts to
overcome the disadvantage of thin-walled tubes that are commonly used to measure isotropic
stress development in thermosets'?' and the disadvantage of the spherical pressure vessel which
yielded at 30 to 35 MPa. In the present section we show that, in fact, the thin-walled tubes do
not provide a ready means of applying and measuring isotropic stresses to solid materials.
Figure 17 shows an example of the stress anisotropy in a resin constrained in conventional thin-
walled tubes; positive values correspond to tensile stresses. Measurements were taken on cooling
after cure, and show that the apparent thermal pressure coefficient y obtained from the slope of
the stress versus temperature curves for the axial and hoop measurements differ by a factor of
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2.5. Apparent thermal pressure coefficients obtained from the axial and hoop measurements are
closer as the walls become thicker. For example, Figure 17b shows less anisotropy of the stress

field than Figure 17a. The values of the thermal pressure coefficients also become larger for the
thicker wall tube, revealing the influence of the compliance of the tube on the measured thermal

pressure coefficient.
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Figure 17. Stress development during cooling of an epoxy resin after 10 hours cure at 140°C. The two curves (thick
and thin) correspond to hoop and axial stresses. The values for the apparent thermal pressure coefficients y are
shown. a) aluminum tube with 0.25 in outer diameter and 0.01 in wall thickness; failure occurs below 100°C. b)
aluminum tube with 0.25 in outer diameter and 0.035 in wall thickness; failure occurs below 110°C.

To test the stress isotropy in our thick-walled vessel, we examined the development of tensile
stresses during cooling for sucrose benzoate as we did for the spherical pressure vessel. Again,
the vessel was left open such that stresses only developed upon vitrification. Similar to the
results shown in Figure 13 for the spherical pressure instrument, the sucrose benzoate vitrified at
approximately 65 to 70°C and, subsequently, tensile stresses built up to 10 MPa until failure
occurs at 57°C, relieving most of the stresses. Note that in Figure 18, the axial stress curve is
shifted down by 4 MPa for clarity. Before failure the stress versus temperature curves from the
hoop and axial gages are identical within experimental uncertainties, indicating good isotropy of
the stress field.
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Figure 18. Hydrostatic stresses vs temperature in the tube filled with sucrose benzoate during cooling at 1 K/min.
The two stress curves correspond to stresses in hoop and axial directions of the tube.
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Thermal Pressure of a Known Fluid in the Thick-Walled Tube

The thermal pressure of di-2-ethylhexyl sebacate, confined in the tube, was measured to
check the accuracy of the method using the same methodology as was used for the spherical
pressure instrument. The development of thermally induced stresses in the tube during cooling at
0.5 K/min is shown in Figure 19. As in the case of the spherical pressure vessel, the measured
Yapp Was determined by the fitting stress/temperature curve in Figure 19 by a second order
polynomial in the temperature range from 40°C to 150°C and taking the temperature derivative
of that fit, which results in a straight line in the y,,, temperature dependence. Use of a higher
order polynomial increases the uncertainties in the j,,, determination. However, since the
straight line may lack some features of the actual y;,, temperature dependence, we also took
20 K segments of stress/temperature curve with 10 K interval and determined their slope from a
linear fit. Both values of 4, are shown in Figure 20 along with corrected and expected values,
the latter of which are based upon PVT data from Sane and Knauss® calculated for the
temperature-pressure profile of the experiment. After correcting for the thermal expansion and
for the tube compliance, the measured values agree to within 12 kPa/K or within 1% of the
expected values in a temperature range from 100°C to 150°C. Below 100°C the measured values
become gradually lower than expected. There are several possible explanations for this
discrepancy: i) at low values of pressure the tube may be “softer” than estimated (i.e., K, is
lower); ii) a small air volume may have been trapped during closing lower the actual thermal
pressure coefficient especially at lower pressures; iii) the expected thermal pressure coefficient
obtained from Knauss® data may be incorrect because we had to determine y as the ratio of two

derivatives, ¥ = —(—@KJ / (Q—Kj , making it sensitive to the choice of the material function
or ),/ \oP ),

V(T.P) used to fit the literature PVT data. It should be noted that the results for the thermal

pressure coefficient in Figure 15 from the spherical pressure vessel cannot be directly compared

to those in Figure 20 for the tubular pressure vessel because the value of y depends on pressure

and temperature, and the pressure is not the same for a given temperature in the two

measurements (as can be seen by comparing Figures 14 and 19).
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Figure 19. Thermally-induced compressive stress in the tube filled with di-2-ethylhexyl sebacate oil vs temperature
during cooling with 0.5 K/min.
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Figure 20. Thermal pressure coefficient vs temperature from the data shown in Fig. 19. Error bars of 12 kPa/K in
the apparent curve show the precision in y determination. The dotted line is the expected curve based on the PVT
data from ref. 23.

Measurements During Thermoset Cure in the Tubular Pressure Vessel

The model epoxy resin DGEBA/TMAB was used to provide an example of the performance
of the instrumented thick-walled tube during thermoset cure. The model epoxy resin was used
for measurements because its curing reactions do not change with cure temperature (unlike the
BMI model resin), and hence, the effects of cure temperature independent of changes in cure
chemistry can be evaluated. Filling was performed in a manner similar to that described for the
spherical pressure vessel except that the tube was closed with a threaded end cap. For some
experiments, the vessel was left open to better simulate cure in a composite in which the resin is
unconstrained prior to gelation.

The isotropic stress development in the epoxy resin constrained in a closed thick-walled tube
during a typical cure cycle is shown in Figure 21; Figure 21a shows the results as a function of
time, whereas Figure 21b shows the results as a function of temperature. The cure history as a
function of time is also shown in Figure 21a. Positive and negative values of isotropic stress
correspond to tension and compression, respectively. At the beginning of the experiment there
was an initial compressive stress built up during sealing of the tube. On heating the epoxy resin
expands increasing the value of compressive stress. At approximately 110°C the cure reaction
begins, which leads to shrinkage. The competing thermal expansion and cure shrinkage balance
one another at approximately 125°C. On further heating, the cure shrinkage dominates the
thermal expansion and the compressive stresses decrease. Hoop and axial stresses were the same
until the resin solidified during isothermal cure. At that point, it appears that cure shrinkage in
the gelled resin relieves compressive hoop and axial stresses differently, resulting in different
values of residual compressive stresses at the end of the cure. Such differences were observed in
all experiments. In spite of the difference in absolute values of hoop and axial tensile stresses at
the end of cure, the values of apparent thermal pressure coefficient obtained during cooling after
cure are the same for hoop and axial directions. On cooling the resin shrinks and the tensile
stresses built up until failure in the resin or debonding between the resin and the tube wall
occurred below 90°C at hoop stresses of approximately 20 MPa. In the experiment depicted in
Figure 21, cure shrinkage relieved approximately 150 to 200 MPa of the compressive stresses, if
one takes into account thermal expansion up to 160°C. These facts are not included in recent
modeling of isotropic residual stresses. 1244
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The values of apparent thermal pressure coefficients, calculated from the slope of the stress
vs temperature curves during heating of uncured resin and cooling of the cured resin, are shown
in Fig. 21b. Interestingly, the value of thermal pressure coefficient of the uncured resin is larger
than that of the cured resin. This fact is not included in previous models of isotropic stress
development in thermosetting materials,?"***° although recent work from the present laboratory
includes such differences and comments upon their importance.
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Figure 21. Stress development in a closed thick-walled tube during a heat-hold-cool cure cycle for an epoxy resin.
a) Stress vs time curves and temperature profile (dashed line). b) Stress vs temperature curves. Apparent values for
the thermal pressure coefficient are indicated. Thick and thin lines correspond to stresses in hoop and in axial

directions, respectively.

The closed instrumented tube allows us to examine the effects of cure shrinkage on residual
stress development over the entire range of conversion since the isothermal portion of the cure
(and post-cure if any) can be carried out with the resin in a state of compression. As shown in
Figures 16 and 21, if the initial compression (due to heating of the constrained resin) is not great
enough, the stresses become tensile during cure and microfailure occurs limiting the magnitude
of the tensile stress at the end of the isothermal cure. To examine whether the tensile stresses
that could be maintained by the curing gel depended on cure temperature and whether
microfailure in the gel effected the thermal pressure coefficient, we performed two-step cure
studies in open tubes and varied the temperature of the first cure step. We performed the second
step at 160 °C to ensure complete conversion at the end of the two-step cure for each experiment.
Figure 22 shows tensile stress developed during the first cure step as a function of time for cure
temperatures of 100, 120, 140 and 160 °C. In all cases, microfailure is observed to occur, and at
the highest temperatures, the stress at the end of the first cure step is initially zero. For the
material cured at 100 °C, however, the stress build-up is significantly higher, reaching 7 MPa at
the end of the first cure step in spite of the fact that some microfailure was still observed.
Interestingly, the value of the thermal pressure coefficient for the glass v, is found to be a
function of the temperature of the first cure step (T.;), presumably because the degree of
microfailure in the gel depends on the temperature and this, in turn, affects the final state and
properties of the material. The results for two experiments at each cure temperature (except at
160 °C where only one experiment has been performed to date) are shown in Table 1. Two
points are worth noting: first, the value of the thermal pressure coefficient decreases with
increasing T, and second, the microfailure incurred during the first cure step results in an
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anisotropic state of the resin affecting the reproducibility of the thermal pressure coefficient
calculated only from the hoop stress. For example, for Tc; = 100 °C, the values of y, for the two
experiments agree to better than 7 % and the values change less than 5% when the axial
component is included in the calculation. On the other hand, at 120 and 140 °C, the values from
the two separate experiments are much more disparate when calculated from only the hoop
stresses, but they agree when the axial component is included in the calculation indicating that at
these higher cure temperatures, the microfailure observed in Figure 18 results in anisotropy of
the stress field. These two observations are very significant for modeling isotropic stress
development during cure of thermosetting resins and has not been reported in the literature
before to the best of the authors' knowledge.

Table 1. The apparent thermal pressure coefficient in the glass y, after a two-step cure at cure temperature Ty,
followed by complete conversion at T, = 160 °C. The values reported were taken from the slope of the stress vs.
temperature curves between 120°C and 140°C. Except for the cure at 160°C, two samples were cured at each cure
temperature with both values reported.

Ter, °C ¥¢ from hoop stress, MPa/K ¥g from hoop and axial stresses,
(20‘ hoop+caxial)/ 3, MPa/K
100 0.86, 0.92 0.88, 0.96
120 0.37,0.63 0.69,0.77
140 0.14,~0 0.36, 0.39
160 ~0.05 ~0.05

Stress, MPa

T v Y T T T
0 200 400 600 800 1000
time, min

Figure 22. Stress development in an open thick-walled tube during the first step of a two-step cure cycle for an
epoxy resin as a function of time for four different values of the cure temperature.

Results of Thermogravimetric Experiments for the BMI/SOC Resin

As previously mentioned, thermogravimetric analysis (TGA) was performed on the
BMI/SOC resin to determine if resin volatility was the cause of lack of reproducibility, the
unexplained very low thermal pressure coefficients, and the lack of SOC signature in the FTIR
cure data. Uncured resin samples were loaded at room temperature. A ramp was performed at 5
K/min to 140 °C, which was the mixing temperature for the resin. After a hold of 30 minutes at
140 °C to simulate mixing, the material was ramped to 300 °C to simulate the ramp to the cure
temperature. TGA experiments were run on the all of the individual components of the
BMI/SOC resin, i.e., on the SOC comonomer alone, on Matrimid 5292A alone, on Matrimid
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5292 B alone, as well as on various mixtures of these components with and without catalyst. For

clarity, in Figures 23, 24, and 25, we only show the results for the SOC comonomer alone, for

the BMI/SOC resin system (with the SOC catalyst) and for the Matrimid 5292A/5292B resin
system (termed BMI). Figure 23 shows the results of the ramp to 140 °C; Figure 24, the results
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Figure 23. Weight loss as a function of sample temperature for the three resins indicated during a temperature from
room temperature to 140 °C at 5 K/min. In order to form homogeneous solutions, the BMI and BMI/SOC resin
samples where mixed at 140 °C before the TGA experiment for approximately 15 minutes.

of the isothermal hold at 140 °C for 30 mintues; and Figure 25, the results of the ramp from 140
to 300 °C. Our findings show that the SOC comonomer is substantially more volatile than any

of the other components and that less than 25 % of it remains after 30 minutes at 140 °C and less
than 10 % remains after the ramp to 300 °C. In the BMI/SOC mixture, there is significantly less

Weght %

Time (min}

Figure 24. Weight loss as a function of time during a 30 minute isotherm at 140 °C performed after completion of
the initial ramp from room temperature to 140 °C (shown in Figure 19). This step simulates the mixing step for the
resins.
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weight loss since the SOC comprises only 9 % by weight of the total system. However, the
weight loss relative to the commercial BMI system is significant, being four times greater at
approximately 4% after 30 minutes at 140 °C. The TGA results indicate that the reason for our
difficulty in working with this system is due to the relatively high volatility of the SOC

comonomer. In addition, its high volatility preclude its being a feasible candidate for resins used

in structural composite applications.
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Figure 25. Weight loss as a function of temperature for a ramp from 140 °C to 300 °C at 5 K/min; the ramp was
performed after the isothermal hold shown in Figure 20. This step was used to simulate the ramp to cure
temperature.
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APPENDIX
A. Project Accomplishments

e Modeled the development of isotropic residual stresses in a novel SOC/BMI
thermosetting material. The volume versus conversion and the Ty versus conversion
relationships were estimated using the group contribution methods of van Krevelen and
using statistical recursive theory.

e Performed a parametric analysis and determined the effect of various parameters on the
isotropic residual stresses, including cure cycle parameters and material parameters.

e Developed an isotropic stress "bomb" method for measuring the thermal pressure
coefficient y=aK in the liquid and glassy states of thermosetting resins and made
measurements for several thermosetting systems, including the novel BMI/SOC resin.

e Performed thermogravimetric measurements of the BMI/SOC resin system and
established that the volatilization of the SOC component makes clear that this resin
system is not applicable for structural composites.

e Developed an instrument for measuring isotropic stress development in curing resins
having a thick-walled tubular geometry using a lock-in amplifier technique to measure
strain. The method has advantages over the spherical pressure vessel geometry in that
thermal pressures of over 300 MPa can be measured. In addition, the cure stresses can be
quantified over the entire conversion range by keeping the resin in a compressive stress
state throughout cure.

e Completed the calibrations, reproducibility studies, and test measurements on a fluid with
known PVT properties for both the spherical and tubular isotropic stress instruments in
order to demonstrate the range and accuracy of the measurements.

e Completed measurements and analyses of a model epoxy resin in both the tubular and
spherical isotropic stress instruments. The model epoxy resin was used for measurements
because its curing reactions do not change with cure temperature; hence, the effects of
cure temperature independent of changes in cure chemistry can be evaluated.
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Awarded Russell Severance Springer Professorship (Visiting) for Academic Year 1999-
2000, University of California Berkeley, Department of Mechanical Engineering.
Elected Fellow of the Society of Plastics Engineers, May, 1998.
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Materials, 1997-present.

Received Society of Plastics Engineers Best Paper Award, EPSDIV, ANTEC 1996.
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Received U.S. Department of Commerce Silver Medal Award for Outstanding Federal
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Member of Editorial Review Board, Journal of Rheology, 1990-present.
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Outstanding Service Award, Society of Plastics Engineers, Polymer Analysis Division,
May 2002.

Most Improved Newsletter, Society of Plastics Engineers, for PAD Review, May 2002.
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Plastics Institute of America Supplemental Fellowship, 1988.
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